Abstract: This study evaluates the effect of crystallinity and point defects on time-dependent photoresponsivity and the cathodoluminescence (CL) properties of β-Ga 2 O 3 epilayers. A synchrotron high-resolution X-ray technique was used to understand the crystalline structure of samples. Rutherford backscattering spectroscopy was used to determine the net chemical composition of the samples to examine the type and ratio of their possible point defects. The results show that in functional time-dependent photoresponsivity of photodetectors based on β-Ga 2 O 3 epilayers, point defects contribution overcomes the contribution of crystallinity. However, the crystalline structure affects the intensities and emission regions of CL spectra more than point defects. Miyamoto, "Atomic-scale formation of ultrasmooth surfaces on sapphire substrates for high-quality thin-film fabrication," Appl. Phys. Lett. 67(18), 2615-2617 (1995). 2. K. Nomura, H. Ohta, K. Ueda, T. Kamiya, M. Hirano, and H. Hosono, "Thin-film transistor fabricated in singlecrystalline transparent oxide semiconductor," Science 300(5623), 1269-1272 (2003 nanobelt based photodetector with high sensitivity and wide-range photoresponse,"
Introduction
Good quality crystal refers to the new materials grown by using different techniques for different applications [1] [2] [3] [4] [5] . This study applies this concept to optoelectronic applications by examining monoclinic gallium oxide (β-Ga 2 O 3 ) epilayers before and after post-annealing. Crystallinity and point defects reflect the quality of a single crystal. Crystallinity and point defects contribute differently to the optoelectronic properties of devices [6, 7] . This study qualitatively examines these contributions. Time-dependent photoresponsivity and cathodoluminescence (CL) spectroscopy are two powerful and common techniques, therefore they were used to understand the optoelectronic properties of β-Ga 2 O 3 epilayers.
Time-dependent photoresponsivity is a fundamental parameter of optoelectronic technology. It determines the capability of a detector to follow rapidly varying optical signals [8] . Time-dependent photoresponsivity is also widely accepted as a qualified common reaction of materials that is used to confirm their degree of crystallinity [9] and the presence of point defects [10] . Many studies have used the advantages of fast photoresponsivity to test the quality (crystallinity) of their materials [11, 12] . However, some materials exhibit low crystallinity and fast photoresponsivity [13, 14] . The current hypotheses cannot explain this.
CL spectroscopy measures the photon emission from a specimen stimulated by an electron beam. It allows wide bandgap materials to be studied [15] . Although different science and technology fields (such as geology, mineralogy, materials science, and fundamental experimental physics) use CL spectroscopy for many applications, its origins and mechanism are unclear.
β-Ga 2 O 3 grown by a modified metal-organic chemical vapor deposition (MOCVD) maintains its crystalline structure up to a post-annealing temperature of 800 °C, but, exhibits a large reduction in its point defect density [16] . Therefore, MOCVD-grown β-Ga 2 O 3 provides an excellent opportunity for observing the simultaneous effects of crystallinity and point defects on the optoelectronic applications of β-Ga 2 O 3 epilayers. The crystalline structure of β-Ga 2 O 3 converts at a post-annealing temperature of 900 °C. This provides another opportunity to study the effect of crystalline structure conversion on certain aspects of the optoelectronic applications of materials. This investigation experimentally demonstrates that some optoelectronic applications of the same material are more sensitive to crystallinity and some are more sensitive to point defects. This study aims to clarify meaning of good quality when applied to materials used for different optoelectronic applications.
Experiment
Modified MOCVD was used to grow 220-nm-thick β-Ga 2 O 3 epilayers on sapphire substrates by using trimethylgallium and pure oxygen (99.999%) as precursors. Reference [24] described the process required to grow β-Ga 2 O 3 epilayers. Some of the as-grown samples were post-annealed in air at 700 °C, 800 °C, and 900 °C for 30 min. To evaluate the crystalline structure and degree of crystallinity of the samples a synchrotron high-resolution X-ray diffraction (HR-XRD) system was implemented by using a wiggler beamline (BL17B1) from Shanghai Synchrotron Radiation Facility. A field-emission scanning electron microscope (FE-SEM) was used to examine the growth mode and morphology of the sample crystalline damage. To observe the cross-sectional damage morphology of the epilayers, samples were manually prepared and only a mechanical force was applied to avoid chemical contamination or other types of damage or effects from the cutting process. Rutherford backscattering spectroscopy (RBS) was conducted on the 5SDH-2 tandem accelerator at Peking University to determine the chemical composition of samples. Rump software was used to simulate and transact the RBS data. High-resolution transmission electron microscopy (HR-TEM, model: JEM-2100 F) was used to study point defects. The time-dependent photoresponsivity of the β-Ga 2 O 3 epilayers before and after post-annealing was investigated by fabricating metal-semiconductor-metal (MSM) photodetectors (PDs) onto the epilayers. For fabrication of MSM PDs, Ni/Au (50/100 nm) film was deposited on samples by using ebeam evaporation to be served as Schottky contact metal. Standard photolithography and wet etching were used to make 2 × 2.2 mm 2 devices with interdigitated-shaped contact electrodes. The finger width and interspacing of the electrodes were the same and 100 μm (shown in Fig.  1 ). Time-dependent photoresponsivity was measured at room temperature by switching a 240-nm exciting light, with 1.035 × 10 −8 W power at a bias voltage of 5 V, on and off 7 time times. A JOBIN-YVON SPEX system with a 300 W xenon arc lamp light source (PERKINELMER PE300BUV) was employed to measure time-dependent photoresponsivity of PDs. The luminescence properties of samples were explored by using a CL spectroscope. 
Data and analysis

Synchrotron HR-XRD
The synchrotron HR-XRD patterns of typical samples in Fig. 2(a) show the formation of β-Ga 2 O 3 . The dominant orientation of (−402) for the first 3 epilayers is parallel to the growth direction. The presence of directions (401) and (−601) (indexed to β-Ga 2 O 3 ), indicates the formation of crystalline impurity grains. This is different to the approach on the formation of pure single-crystalline β-Ga 2 O 3 [16] . This is because the wavelength (λ) of the synchrotron Xray (λ = 0.0688 nm) enables higher resolution analysis. Reference 24 used a higher wavelength X-ray with Cu K α (λ = 0.1542 nm) as the radiation source. Post-annealed β-Ga 2 O 3 epilayers at 700 °C and 800 °C exhibit the same crystalline structures as as-grown samples. were tuned to produce high quality (uniform thickness with the highest crystallinity) β-Ga 2 O 3 epilayers, however unfilled areas were always observed. Internal stress of the materials cause these unfilled areas. The absence of unfilled areas in the post-annealed samples could be attributed to the disappearance of the source of the stress. The grains on the surface of the asgrown samples predict their mosaic growth mode. The size of a typical surface grain was approximately 100 nm, as shown in Fig. 3 (a). Extended grains parallel with growth direction are disappeared in 900 °C-annealed sample ( Fig. 4(d) ). Many large fractures in the 900 °C-annealed sample are visible. These could be a result of re-crystallization. A magnified HR-TEM image of a typical region in the as-grown sample is presented in Fig. 5(d) . Orientationally-ordered self-interstitials are clear in the image which are predicted in the previous hypotheses [18, 19] . Dumbbell-shaped structures were found in the entire region of the HR-TEM image of the as-grown sample. The highlighted dumbbell-interstitials in Fig. 5(d) are explained by a schematic diagram in Fig. 5(e) . Figure 5 (e) shows a schematic diagram of two successive atomic rows in a crystal, each including two types of atoms. Successive orientationally-ordered vacancies of only one kind of atoms in one row are shown. The missing atoms have occupied other planes of the crystal. It is already predicted that point defects induce an effective electrical charge in their positions [20] [21] [22] . Therefore, vacancies attract the nearest atoms of the same type in their neighboring row to form orientationally-ordered self-interstitials. These attractions minimize the effective electrical charges of vacancies. This model presents Frenkel pairs [23, 24] . The diagram clearly demonstrates that Frenkel pairs persuade zero net charge [25] . Therefore, stoichiometric ratio measurement is unable to reveal Frenkel pairs, because there are no net vacancies or interstitials. Self-interstitials are sometimes referred to dumbbell-interstitials for the symmetry around the shared atoms [18] . The high stress attributed to the local electric fields of orientationally-ordered self-interstitials could be responsible for unfilled regions in Fig. 3(a) . The 800 °C and 900 °C-annealed samples do not show any dumbbell-interstitial. Probably, post-annealing has provided enough energy for the Frenkel pairs to find and repair each other. Moreover, immigration of Frenkel pairs during the annealing could be the origin of fractures in Figs. 4(a)-4(c) . Later in another study, we will evaluate the mechanism of orientationally-ordered self-interstitials in more detail. 
Surface morphologies
Cross-sectional morphologies
TEM study
Atomic composition
In β-Ga 2 O 3 epilayers, the atomic composition varies as the post-annealing temperature changes (Table 1) . These results indicate an almost ideal stoichiometric ratio for the 700 °C-annealed samples. No net vacancies or interstitials (point defects) occurred in the 700 °C-annealed β-Ga 2 O 3 . However, the 800 °C-annealed samples exhibited 1.25% net Ga vacancies (or 0.83% O interstitials), while the as-grown and 900 °C-annealed samples exhibited 4.75% and 6% net O vacancies (or 3.17% and 4% Ga interstitials), respectively. Ga vacancies and O interstitials behave as effective positive ions (cations) and O vacancies and Ga interstitials behave as effective negative ions (anions) [26, 27] . Studies have found that anion-cation pair defects (Frenkel pairs) occur in vacancies and interstitials in β-Ga 2 O 3 [28] [29] [30] . These defects cannot be detected by using the net atomic composition [31] . 
Time-dependent photoresponsivity
Figures 6(a)-6(d) show a comparative analysis of the response and recovery times of different PDs. The photocurrent for a PD based on as-grown β-Ga 2 O 3 in Fig. 6(a) , increases rapidly from approximately 3 nA of dark current to a non-stable value of approximately 2.5 μA when illumination is on. However, the recovery time was extremely slow when the light was off. Electron-hole trapping states that prevent charge-carrier recombination may cause the slow recovery time. During the 60s periodic illumination switching, a low photo-dark current ratio of 1 order of magnitude was obtained. Figure 6 (b) show the time-dependent photoresponsivity of a PD based on a 700 °C-annealed sample. The dark current was approximately 4 pA, which is extremely low and favorable for practical detectors. When illuminated, the photocurrent instantaneously increased by approximately 5 orders of magnitude to a stable value of approximately 0.4 μA. The recovery time when illumination was off was rapid. This performance is inordinately better than that of the as-grown samples and is also comparable with the best PDs [32, 33] . HR-XRD rocking curves showed better crystallinity for the as-grown sample than the 700 °C-annealed sample. Additionally, cross-sectional FE-SEM images show more fractures along the extended grains in 700 °C-annealed samples than in as-grown samples, therefore this significant difference in their time-dependent photoresponsivity must be caused by the higher point defect density in as-grown β-Ga 2 O 3 epilayers. These results indicate that functional time-dependent photoresponsivity of PDs is more sensitive to point defects than crystallinity. Figure 6 (c) shows the time-dependent photoresponsivity of a PD based on an 800 °C-annealed sample, with a dark current of approximately 70 pA. On illumination, the photocurrent rapidly increased by approximately 4.5 orders of magnitude to approximately 10 μA. When the light was off, the photocurrent suddenly decreased to 20 nA, decaying slowly and exponentially. This PD performed worse than the 700 °C-annealed sample. Figure 6 (c) reflects a weaker performance than Fig. 6(b) because cross-sectional FE-SEM revealed more crystalline damage or because of the point defects calculated in the RBS analysis. HR-XRD rocking curves showed a better crystallinity for the 800 °C-annealed sample than the 700 °C-annealed sample. But, time-dependent photoresponsivity results indicate on non-reliability of synchrotron HR-XRD technique, which has a high accuracy, to choose a high quality sample for PD applications. Samples with lower degree of crystallinity, measured by a synchrotron HR-XRD technique, may have the highest quality for PD applications.
A dark current of approximately 0.3 nA and a photo-dark current ratio of approximately 4 orders of magnitude were obtained for a typical PD based on a 900 °C-annealed sample, as shown in Fig. 6(d) . FE-SEM results show that the 900 °C-annealed samples produced larger fractures than the 800 °C-annealed samples, minimizing the role of high crystallinity in timedependent photoresponsivity. As shown in Fig. 6(d) , when illumination was off, the current rapidly decreased to approximately 40 μA and then gradually decayed.
Point defects mechanisms in photoresponsivity
The RBS data showed the net vacancy of the as-grown sample is more than that of 800 °C-annealed sample and less than that of 900 °C-annealed sample. However, time-dependent photoresponsivity shows that PDs based on as-grown samples was extremely different to PDs based on the other samples. Additionally, HR-TEM image showed a high density of pair point defects in the as-grown samples. The schematic diagram of defect dynamics in reaction with the illuminated light may help understanding the unusual delay in the recovery time of the PD based on the as-grown sample. Figures 7(a)-7(d) show the various time-dependent photoresponsivity processes of a PD based on an epilayer. The photo-generation process of electron-hole pairs during light illumination is shown in Fig. 7(a) . Electrons and holes accelerate toward positive and negative electrodes, respectively, with applied voltage (Fig. 7(b) ). Cations trap electrons and anions trap holes. The defects, in the form of cation-anion pairs, in Fig. 7 (c) trap electron-hole pairs. The cation-anion pairs delay the time-dependent photoresponsivity of PDs because they disturb the charge collection toward positive and negative electrodes. Trapping centers, which are current leakage sources, delay the response and recovery times of optoelectronic devices. Figure 7(d) shows the simultaneous presence of net point defects (cations) and cation-anion pairs. Untrapped electron-hole pairs can move freely toward opposite charged electrodes, but, trapped electron-hole pairs delay current generation. Both photo-generated electron-hole pairs are trapped in cation-anion pair defects, but cation or anion net defects only trap electrons or holes. Untrapped holes or electrons may release their pairs. Figure 7(d) shows how some free holes may be attracted toward the electrons trapped by the net cation defects, and release them. Therefore, cation-anion pair defects, which are found in HR-TEM images of the asgrown β-Ga 2 O 3 samples, contribute much more than net vacancies, measured by RBS technique, to current leakage. Fig. 7 . Schematic diagrams of photo-generated electron-hole pairs in the (a) absence and (b) presence of applied voltage. Schematic diagrams of photo-generated electron-hole pairs under an applied voltage in the presence of (c) cation-anion pair defects and (d) cation-anion pair defects along with net cation defects. Figure 8 (a) shows normalized CL spectra of all β-Ga 2 O 3 samples, allowing the positions of the two main peaks and their shoulders from each sample to be compared. Figure 8(b) shows the original CL spectra (before normalization), which can be used for an intensity comparison. The first main peaks located in the higher energy region are attributed to β-Ga 2 O 3 near band edge [34] (NBE) emissions. The NBE peak of the as-grown sample covers a wavelength region from 233 nm to 294 nm. The NBE emission regions of the 700 °C and 800 °C-annealed samples are the same (from 228 nm to 296 nm). It shifted from 210 nm to 290 nm for the 900 °C-annealed sample. The first 3 samples produced similar NBE emission regions. The NBE emission region shifted considerably toward a higher energy region for the 900 °C samples. The dominant crystallinity plane changed from (−402) for first 3 samples to (401) for the last sample, suggesting that the NBE emission region is a function of the dominant crystalline plane structure. The small shoulders on the NBE peaks of the first 3 and last samples were centered about 258 nm, 238 nm, 238 nm, and 218 nm, respectively. These shoulders may be caused by point defects, dislocations, surface states, phase impurities, or an unknown phenomenon.
CL
The second largest peaks, called deep level (DL) peaks, in all the samples were broader with higher intensities than the NBE peaks. DL peaks are usually attributed to the presence of external and internal point defects or lattice defects [34] . A simple comparison between NBE emissions and DL peaks suggests that if broad and vigorous peaks arise from external impurities, the ratio of impurities to the original β-Ga 2 O 3 atomic compounds is significant. However, the synchrotron HR-XRD and RBS results did not reflect any considerable external structures or impurities. Moreover, the net vacancies and interstitials ratio compared to the original atomic constitutive of β-Ga 2 O 3 is not remarkable. Therefore, the broad peaks cannot be a main or direct function of internal or external point defects. The comparison between the CL spectra of the as-grown and post-annealed samples supports this hypothesis.
The PD and HR-TEM data showed that, as-grown samples exhibit the highest density of cation-anion pair defects, many of which are repaired during post-annealing. However, as shown in Fig. 8(b) , the only absent peak after post-annealing is a low-intensity shoulder in the ultraviolet region centered about 329 nm. However, the intensity of the main DL peak increased for the 700 °C and 800 °C-annealed samples. PD data indicates that the number of point defects decreased considerably in the 700 °C and the 800 °C-annealed samples. Crosssectional FE-SEM results reflect the higher number density of crystalline damages in these samples. This investigation did not find evidence of the direct considerable participation of point defects in the form of vacancies or interstitials in the CL properties of β-Ga 2 O 3 . This indicates that crystalline damages affect DL emissions. The NBE and DL peak increases of the 900 °C-annealed samples may be a function of crystalline structure along with fractures. Unlike the PD results, CL spectroscopy assesses the quality of the as-grown samples based on their applications in deep ultraviolet regions. Therefore, low intensity DL peak of a CL spectrum of an epilayer does not necessarily indicate its good quality for PD applications.
For the 700 °C and 800 °C-annealed samples, with the same crystalline structure, increasing the post-annealing temperature shifted the maxima intensity of the DL peaks to the higher energy region. Crystalline damage may affect shifting the DL maximum toward the higher energy region. This shift toward a higher energy region is much higher for the 900 °C-annealed sample. This may be because it was re-crystallized in another preferred direction.
The shoulder position in Fig. 8 (b) centered on 490 nm was fixed for all samples. The shoulder of the as-grown sample possesses the highest intensity of its CL spectrum. The shoulder of the 900 °C-annealed sample is very small compared to the other regions of the spectrum. Surface states on metal oxides are called common defects because of the presence of unsaturated atomic bonds at their surfaces. The oxygen atoms in the free air are adsorbed by the unsaturated atomic bonding at the surface, creating small p-n junctions [35] which may cause these shoulders. The surface states density in the as-grown samples is high, which decreases during post-annealing at 700 °C and 800 °C. During re-crystallization of the samples at 900 °C, a new opportunity may occur for the surface atomic bonds to rearrange themselves, decreasing the surface states effects. Surface p-n junctions are composed of a few atoms, creating a gradient in the crystalline structure immediately beneath the surface. Therefore, these p-n junctions do not exhibit crystalline structures. Before and after postannealing the effect of these p-n junctions on the structural property of the materials is fixed, which may explain their fixed positions in the CL spectra. Fig. 8 . Room temperature cathodoluminescence (CL) spectra of as-grown and post-annealed β-Ga 2 O 3 at 700 °C, 800 °C, and 900 °C (a) after normalization for peak position comparison and (b) before normalization for peak intensity comparison.
